Abstract: A single crystal with nominal composition Pb(Mg 1/3 Nb 2/3 )O 3 -32PbTiO 3 (PMN-32PT) was grown by the Bridgman technique. Crystal orientation was determined using the rotating orientation X-ray diffraction (RO-XRD). Element distribution was measured along different directions using inductively coupled plasma-mass spectrometry (ICP-MS). The effect of the element segregation along axial and radial directions on the electrical properties of the PMN-32PT crystal was investigated. It is indicated that the electrical properties of the samples along the axial direction were strongly dependent on the PT (PbTiO 3 ) content. With the increase of the PT content, the piezoelectric coefficient and remnant polarization were improved. Differently, the electrical properties of the samples along the radial direction were mainly determined by the ratio of the Nb and Mg. The reasons for the element segregation and electrical properties varied with the composition were discussed.
Introduction
Relaxor-based ferroelectric single crystals Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) have an ultrahigh piezoelectric coefficient (d 33 > 2500 pC/N), an electromechanical coupling factor (k 33 > 0.95), and a low dielectric loss compared to traditional piezoelectric ceramics [1] [2] [3] [4] [5] . Based on these superior properties, PMN-PT single crystals are usually considered promising materials in sensors, ultrasonic transducers, and motors applications [6] [7] [8] [9] .
Large sized PMN-PT single crystals are grown mainly using the Bridgman technique [10] [11] [12] . Based on this technique, researchers have further managed to improve the di/piezoelectric properties of the PMN-PT system through some effective ways [13] [14] [15] [16] [17] . Hu et al. [18] verified that the high-temperature poling technique was contributed to the enhanced piezoelectric properties. Recently, it was discovered that the optical properties could be induced by rare-earth ions doping in the PMN-PT system [19, 20] . Xi et al. [21] confirmed that the specific absorption at the UV-VIS-NIR band and the strong green and red up-conversion photoluminescence (UC PL) under 980 nm laser excitation were observed in the Er 3+ -and Er 3+ /Yb 3+ -modified Pb(Sc 1/2 Nb 1/2 )O 3 -Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PSN-PMN-PT) crystals using the flux method. For the Bridgman technique, it is confirmed that the element segregation exists in the single crystals and the electrical properties of the single crystals are strongly dependent on the compositions [22] [23] [24] . These results indicate that the element segregation occurred during the growth of the PMN-PT single crystals, and the segregation of PT led to inhomogeneity in electrical properties along the axial direction. Unfortunately, the element direction. Unfortunately, the element segregation along the radial direction and the reasons for the Nb and Mg segregation of the PMN-PT single crystals using the Bridgman technique was rarely reported in the literature.
In this study, the single crystal with nominal compositional PMN-32PT was grown by the Bridgman technique. The element distribution along the axial and radial directions was confirmed by the inductively coupled plasma-mass spectrometry (ICP-MS). The effect of the element segregation along the axial and radial direction on the electrical properties of the PMN-32PT crystals was investigated. The reasons that the element segregation and electrical properties varied with the composition along the axial direction were also discussed.
Experimental Procedure
A PMN-32PT single crystal (Ø25 mm) was grown by the Bridgman method ( Figure 1a) . The crystal was faint yellow with good transparency. Some stress-induced cracks were presented on the top of the crystal. A sheet with a thickness of 0.8 mm was cut from the as-grown crystal boule along the axial direction (Figure 1b ), which showed a poor uniformity in color. The sheet was divided along axial and radial directions with a size of 2 × 2 mm. The specimens were named as test points from Y1 to Y15 along the axial direction and test points from X1 to X4 along the radial direction. The Y9 and X4 test points were the same (shown in Figure 2 ). The orientation of the single crystal was analyzed using rotating orientation X-ray diffraction (RO-XRD) (D/max-2550, Rigaku Corporation, Tokyo, Japan, 2004). Before the electrical property 2 direction. Unfortunately, the element segregation along the radial direction and the reasons for the Nb and Mg segregation of the PMN-PT single crystals using the Bridgman technique was rarely reported in the literature.
A PMN-32PT single crystal (Ø25 mm) was grown by the Bridgman method (Figure 1a) . The crystal was faint yellow with good transparency. Some stress-induced cracks were presented on the top of the crystal. A sheet with a thickness of 0.8 mm was cut from the as-grown crystal boule along the axial direction (Figure 1b) , which showed a poor uniformity in color. The sheet was divided along axial and radial directions with a size of 2 × 2 mm. The specimens were named as test points from Y1 to Y15 along the axial direction and test points from X1 to X4 along the radial direction. The Y9 and X4 test points were the same (shown in Figure 2 ). The orientation of the single crystal was analyzed using rotating orientation X-ray diffraction (RO-XRD) (D/max-2550, Rigaku Corporation, Tokyo, Japan, 2004). Before the electrical property The orientation of the single crystal was analyzed using rotating orientation X-ray diffraction (RO-XRD) (D/max-2550, Rigaku Corporation, Tokyo, Japan, 2004). Before the electrical property measurements, the obtained specimens were annealed at 300 • C for 1.5 h to eliminate stress. Silver paste was used to cover the two faces of the crystal sample that were used as electrodes. The dielectric properties were measured using an impedance analyzer (Agilent 4294A, Agilent Technologies Inc., Santa Clara, CA, USA, 2012) at 1 kHz at room temperature. The ferroelectric properties were measured using a ferroelectric analyzer (Radiant Precision PremierII, Radiant Technologies Inc., Albuquerque, NM, USA, 2005) at room temperature. For the piezoelectric constant (d 33 ) test, the specimens were poled at room temperature in silicone oil under an applied electric field of 1280 kV/mm for 15 min. The piezoelectric constant was measured using a quasistatic meter (ZJ-6A, Institute of Acoustics Academic Sinica, Beijing, China, 2005). The element analysis was performed using the ICP-MS (NexION 350D, PerkinElmer, Waltham, MA, USA, 2017) after the samples were dissolved in a mixture of concentrated nitric acid and hydrofluoric acid. In order to calibrate the errors of the quantitative analysis, blank experiments were used before the element analysis.
Results and Discussion

RO-XRD
The RO-XRD patterns of the PMN-PT sample are shown in Figure 3 . Two strong peaks were observed at 22.88 • and 35.09 • and there were no other diffraction peaks between them, indicating that the sample is a single crystal. Based on the fixed angle ϕ between the two crystal planes, the oriented direction of one crystal plane can be determined by the other [25, 26] . In this study, the (211), (220) and (222) crystal planes were selected to calculate the orientation of the samples according to the following equation [27, 28] :
where θ 1 and θ 2 are the degrees of the strong diffraction peaks, respectively. The calculated results show the crystal plane perpendicular to the axial direction is (432). Along the axial direction, the crystal plane belongs to {771}.
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Axis Distribution
The distribution of elements along the axial direction for the PMN-32PT single crystals is shown in Figure 4 . Obviously, the Ti content exhibits an increasing trend along the axial direction from the bottom to the top. On the other hand, the content of the Nb and Mg decreases from the bottom to the top. The variations of the mass fraction of the Nb and Mg are calculated to be about 2.29% and 0.97%, respectively. The segregation during the growth of the PMN-PT single crystals is responsible for the variation of the elements [29] . 
The distribution of elements along the axial direction for the PMN-32PT single crystals is shown in Figure 4 . Obviously, the Ti content exhibits an increasing trend along the axial direction from the bottom to the top. On the other hand, the content of the Nb and Mg decreases from the bottom to the top. The variations of the mass fraction of the Nb and Mg are calculated to be about 2.29% and 0.97%, respectively. The segregation during the growth of the PMN-PT single crystals is responsible for the variation of the elements [29] . Generally, the segregation of the element depends on its the effective segregation coefficient k during the crystal growth process, which can be obtained from the following equation [30] :
where CS and C0 are the concentrations of the solid and initial melt, respectively, and f is the fraction of the melt solidified corresponding to CS. Normally, as the effective segregation coefficient is less than 1 (k < 1), the element content displays an increasing tendency along the axial direction from the bottom to the top. As the effective segregation coefficient is more than 1 (k > 1), the element content shows a decreasing tendency from the bottom to the top of the crystal. In this work, the effective segregation coefficients k are 1.20, 1.03 and 0.82 for Mg, Nb and Ti, respectively. The k for Ti is slightly lower than that obtained by Benayad [23] in a PMN-40PT system (k = 0.849) and Zawilski [24] in a PMN-35PT system (k = 0.84), which is attributed to the slower solidification rate of the present work. Table 1 provides the molar percentages of Mg, Nb and Ti along the axial direction of the crystal from the bottom to the top. The mole fractions of the PMN (Pb(Mg1/3Nb2/3)O3) and PT for different samples calculated from the ICP-MS data are shown in Figure 5 . The PMN content decreases along the axial direction from the bottom to the top, while the PT content increases from 21 mol% to 29 mol%, which is consistent Generally, the segregation of the element depends on its the effective segregation coefficient k during the crystal growth process, which can be obtained from the following equation [30] :
where C S and C 0 are the concentrations of the solid and initial melt, respectively, and f is the fraction of the melt solidified corresponding to C S . Normally, as the effective segregation coefficient is less than 1 (k < 1), the element content displays an increasing tendency along the axial direction from the bottom to the top. As the effective segregation coefficient is more than 1 (k > 1), the element content shows a decreasing tendency from the bottom to the top of the crystal. In this work, the effective segregation coefficients k are 1.20, 1.03 and 0.82 for Mg, Nb and Ti, respectively. The k for Ti is slightly lower than that obtained by Benayad [23] in a PMN-40PT system (k = 0.849) and Zawilski [24] in a PMN-35PT system (k = 0.84), which is attributed to the slower solidification rate of the present work. Table 1 provides the molar percentages of Mg, Nb and Ti along the axial direction of the crystal from the bottom to the top. The mole fractions of the PMN (Pb(Mg 1/3 Nb 2/3 )O 3 ) and PT for different samples calculated from the ICP-MS data are shown in Figure 5 . The PMN content decreases along the axial direction from the bottom to the top, while the PT content increases from 21 mol% to 29 mol%, which is consistent with Crystals 2019, 9, 98 5 of 10 that of the previous reports [22] [23] [24] . These results can be explained by the phase diagram of PMN-PT and the solidification law of the binary solid solution as follows: the PMN crystallizes firstly from the melt because of the higher freezing point of the PMN, which results in the higher content of the PMN at the bottom and the higher PT content in the liquid.
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with that of the previous reports [22] [23] [24] . These results can be explained by the phase diagram of PMN-PT and the solidification law of the binary solid solution as follows: the PMN crystallizes firstly from the melt because of the higher freezing point of the PMN, which results in the higher content of the PMN at the bottom and the higher PT content in the liquid. The distribution of the molar ratio Nb/Mg along the axial direction is shown in Figure 6 . It is seen that the molar ratio Nb/Mg exhibits an increasing trend from the bottom to the top. The molar ratio Nb/Mg fluctuates greatly at the initial stage of the crystal growth. During the crystal growth, it approaches to 2 in the middle part, and even >2 at the top boule. Theoretically, there are two Nb 5+ near a Mg 2+ in the lattice or melt to balance the valence state [31] , namely (Mg1/3Nb2/3) 4+ . However, Nb 5+ and Mg 2+ in the actual lattice occupancy are not completely subject to theory due to the segregation. The measured distance dependence of the electrical properties for the specimens along the axial direction is shown in Figure 7 . From Figure 7a , we can see the permittivity firstly decreases at the bottom of the crystal and then tends to stabilize at the middle of the crystals. In addition, a sharp rise process for the dielectric constant is observed at the top. The distribution of dielectric loss exhibits a similar tendency, except for the sharp decrease at the top. The sharp variation of the dielectric properties at the top could originate from the presence of cracks. The piezoelectric constant d33 increases gradually from 350 pC/N to 850 pC/N along the axial direction from the bottom to the top, as shown in Figure 7b . The coercive field Ec and remnant polarization Pr verse the measured distance for the PMN-32PT crystals are shown in Figure 7c ,d. It is seen that the coercive field at room The distribution of the molar ratio Nb/Mg along the axial direction is shown in Figure 6 . It is seen that the molar ratio Nb/Mg exhibits an increasing trend from the bottom to the top. The molar ratio Nb/Mg fluctuates greatly at the initial stage of the crystal growth. During the crystal growth, it approaches to 2 in the middle part, and even >2 at the top boule. Theoretically, there are two Nb 5+ near a Mg 2+ in the lattice or melt to balance the valence state [31] , namely (Mg 1/3 Nb 2/3 ) 4+ . However, Nb 5+ and Mg 2+ in the actual lattice occupancy are not completely subject to theory due to the segregation.
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Radial Distribution
The mass fraction of different elements in a PMN-32PT single crystal along the radial direction is calculated and plotted in Figure 8 . It is demonstrated that the Nb and Mg content increases by 0.71% 0.54%, respectively. By contrast, the content of Ti is relatively stable and increases only by 0.18%. The segregation of the radial direction is attributed to an uneven growth interface and the convection near growth interface [32] [33] [34] [35] , which is different from the segregation of the axial direction caused by the solute redistribution. 
The mass fraction of different elements in a PMN-32PT single crystal along the radial direction is calculated and plotted in Figure 8 . It is demonstrated that the Nb and Mg content increases by 0.71% 0.54%, respectively. By contrast, the content of Ti is relatively stable and increases only by 0.18%. The segregation of the radial direction is attributed to an uneven growth interface and the convection near growth interface [32] [33] [34] [35] , which is different from the segregation of the axial direction caused by the solute redistribution. The variation of PMN and PT along the radial direction are presented in Figure 9 . The mole fraction of PT nearly remains a constant of 24%, which means that PT is insensitive to the component segregation in the radial direction. Figure 10 illustrates the variation of Nb/Mg along the radial direction. The value decreases firstly and then increases slightly. The measured distance dependence of the electrical properties for the specimens along the radial direction is shown in Figure 11 . The permittivity and piezoelectric constant decrease firstly and then increase from the sample X1 to X4, which are similar to that of Nb/Mg as shown in Figure   Figure 8 . The composition distribution along the radial direction of PMN-32PT: points represent experimental data and the solid lines represent the fitting.
The variation of PMN and PT along the radial direction are presented in Figure 9 . The mole fraction of PT nearly remains a constant of 24%, which means that PT is insensitive to the component segregation in the radial direction. Figure 10 illustrates the variation of Nb/Mg along the radial direction. The value decreases firstly and then increases slightly. The variation of PMN and PT along the radial direction are presented in Figure 9 . The mole fraction of PT nearly remains a constant of 24%, which means that PT is insensitive to the component segregation in the radial direction. Figure 10 illustrates the variation of Nb/Mg along the radial direction. The value decreases firstly and then increases slightly. The measured distance dependence of the electrical properties for the specimens along the radial direction is shown in Figure 11 . The permittivity and piezoelectric constant decrease firstly and then increase from the sample X1 to X4, which are similar to that of Nb/Mg as shown in Figure   Figure 9 . The distribution of PMN and the PT molar fraction along the radial direction. The variation of PMN and PT along the radial direction are presented in Figure 9 . The mole fraction of PT nearly remains a constant of 24%, which means that PT is insensitive to the component segregation in the radial direction. Figure 10 illustrates the variation of Nb/Mg along the radial direction. The value decreases firstly and then increases slightly. The measured distance dependence of the electrical properties for the specimens along the radial direction is shown in Figure 11 . The permittivity and piezoelectric constant decrease firstly and then increase from the sample X1 to X4, which are similar to that of Nb/Mg as shown in Figure   Figure 10 . The distribution of the molar ratio of Nb and Mg along the radial direction.
The measured distance dependence of the electrical properties for the specimens along the radial direction is shown in Figure 11 . The permittivity and piezoelectric constant decrease firstly and then increase from the sample X1 to X4, which are similar to that of Nb/Mg as shown in Figures 10 and  11a ,b. The coercive field increases firstly and then decreases, which varies from the range of 2 kV/cm to 3 kV/cm shown in Figure 11c . The remnant polarization is almost maintained at 30-33 µC/cm 2 . The relationship among the permittivity, piezoelectric constant and remnant polarization of the radial samples are basically obedient to the formula reported in the literature: d 33 = 2ε 0 ε r P r Q 11 [13, 36] . The dependence of the dielectric constant, piezoelectric constant and coercive field on Nb/Mg can be explained as follows: as the Nb/Mg decreases, the concentration of the oxygen vacancies increases in the lattice, which pinches the domain and restrains the switch of the domain. As a result, the coercive field increases and the dielectric constant and piezoelectric constant decrease; and vice versa. 8 10 and Figure 11a ,b. The coercive field increases firstly and then decreases, which varies from the range of 2 kV/cm to 3 kV/cm shown in Figure 11c . The remnant polarization is almost maintained at 30-33 µC/cm 2 . The relationship among the permittivity, piezoelectric constant and remnant polarization of the radial samples are basically obedient to the formula reported in the literature: d33 = 2ε0εrPrQ11 [13, 36] . The dependence of the dielectric constant, piezoelectric constant and coercive field on Nb/Mg can be explained as follows: as the Nb/Mg decreases, the concentration of the oxygen vacancies increases in the lattice, which pinches the domain and restrains the switch of the domain. As a result, the coercive field increases and the dielectric constant and piezoelectric constant decrease; and vice versa. 
Conclusions
The single crystal with the nominal compositional PMN-32PT was grown using the Bridgman method. The distribution of the elements along the axial direction could be described by the effective segregation coefficient k. The effective segregation coefficients k were 1.20, 1.03 and 0.82 for Mg, Nb and Ti, respectively. The relationship between the composition and electrical properties of the PMN-PT crystals was investigated. It was indicated that the piezoelectric constant and remnant polarization were consistent with the distribution of PT along the axial direction. The electrical properties were attributed to the distribution of the Nb and Mg along the radial direction. 
The single crystal with the nominal compositional PMN-32PT was grown using the Bridgman method. The distribution of the elements along the axial direction could be described by the effective segregation coefficient k. The effective segregation coefficients k were 1.20, 1.03 and 0.82 for Mg, Nb and Ti, respectively. The relationship between the composition and electrical properties of the PMN-PT crystals was investigated. It was indicated that the piezoelectric constant and remnant polarization were consistent with the distribution of PT along the axial direction. The electrical properties were attributed to the distribution of the Nb and Mg along the radial direction.
